A piston-cylinder apparatus was used to measure the pressure, volume, temperature, and ultrasonic velocity (P,V,T ,u) of fluid NH3 from 195 to 320 Kat pressures up to 12 kbar. Over 1200 sets of P-V-T-u and P-V-T data were fitted to a Tait-type equatio" of state (EOS) by non-linear least-squares minimization. With quadratic terms in T for the two fitted parameters, the rms deviation is~ 0.2% in V and~ 0.9% in u, which is comparable to the experimental error. The simple Tait EOS is useful over the entire fluid range between the vaporization and melting curves up toT exceeding room temperature. Measurements of u and calculations of the constant-pressure heat capacity Cp show regular behavior, differing noticeably from values given by a 44-parameter EOS recently published by NBS. It is concluded that incorporating u in the formulation of an EOS improves its self consistency markedly.
INTRODUCTION
Ammonia exists as a liquid along the vapor-pressure curve from the triple-point temperature, Tt = 195.48 K, to the critical temperature, T~ = 405.41 K. The pressure-volume-temperature (P-V-T) properties of NH3 are known at low P and T, where the liquid has been used for years as a cryogen. At intermediate P and T, the equation of state (EOS) of the fluid (gas and liquid) has been studied in relation to ammonia synthesis and chemical processing. The discovery of ammonia in planetary atmospheres has prompted a new interest [1] in the condensed phases of NH3 at very high p.
In a recent NBS study, Haar and Gallagher [2] made a critical review of all P-V-T measurements on fluid ammonia published through about 1978. They used these data to evaluate 44 parameters in an empirical EOS from which they derived thermodynamic properties for the fluid from 195 to 750 K and 0 to 5 kbar (1 kbar = 0.1 GPa). In their correlation, the NBS authors relied heavily on certain high-quality "core" data, much of it earlier NBS work, measured over the P-T range bounded by the dash lines in Fig. 1 . The thermodynamic inconsistency in these data was reported to be less than 0.03%.
Outside the "core" area, however, in the region outlined by the dash-dot curves in Fig. 1 , the NBS equation [2] reproduced the experimental volume data with errors of up to several percent. A large part of the uncertainty was caused by deficiencies in both the accuracy and extent of the experimental studies on which the EOS was based. In an attempt to improve the situation, we have carried out accurate measurements of P, V, T, and u (ultrasonic velocity) o.n fluid NH3 in the crosshatch region shown in Fig. 1 . Figure 2 shows the ranges of individual runs. The measurements also extended into the solid-I, -II, and -III phases, the properties of which have been reported earlier [3, 4] r-- Unbroken line, phase boundary; T .P., triple point; C.P., critical point; dash line, "core" data [2] ; dash-dot line, other data [2] ; crosshatch, present. Unbroken line and crosshatch, phase boundary; vertical line, isotherm; horizontal line; isobar; dash line, (P,V,T ,u); dot line (P,V,T); dash line at P 0 ~ 0, Refs. [2, 10] .
The advantages of incorporating the adiabatic longitudinal ultrasonic velocity u with P, V, and T in determining an EOS have been discussed previously [5] . The quantity u for a fluid at P and T is given by
where M is the molecular weight (17.03026 for NHJ) and Cp0 is the constant-pressure heat capacity at vapor pressure P0 • Since u depends in a complicated way on various derivatives of V with respect to P and T, the sound velocity is a critical measure of the curvature of the P-V-T surface. Furthermore, the inability of an EOS to reproduce u is an indication that other derived thermodynamic properties may also be in error.
Our technique was to measure simultaneously P, V, T, and u over a wide range in fluid NHJ, and to fit the data self-consistently to Eq. (1) and to the following Taft-type EOS,
where V 0 (T) is the fluid molar volume along the vapor pressure P0 (T) curve and c(T) and B(T) are fitted parameters, all functions of temperature. We chose Eq. (2) because of its simplicity, its compatibility with Eq. (1 ), and its demonstrated ability to describe the properties of other fluids [6, 7] .
Apparatus and Procedure
Details of the apparatus have been discussed in previous publications [5, 8, 9] . The cell consisted of a tungsten-carbide cylinder with both radial and axial external support. We sealed the 0.64-cm bore with a movable piston at the top and stationary plug at the bottom. A quartz piezoelectric crystal was bonded to the Bridgman unsupported area of the plug to generate sound waves for measuring ultrasonic velocities. The piston-cylinder device was cooled or heated by flowing gas through its insulated container mounted on the platen of a 50-ton Dake press. Eight separate loadings were made by chilling the cell slightly below room temperature and introducing pure liquid NH 3 (Matheson 99.99~) from an inverted cylinder. We normalized each initial charge to accurate volume data [2] in the vicinity of room temperature and 1-2 kbar. P-V-T properties were studied as follows: pressures were determined to ± 0.02 kbar from ram hydraulic pressures measured with a free-piston gauge; relative volumes were deduced to± 0.04 cm3/mol from piston positions observed with a dial gauge; temperatures were known to ± 0.3 K from thermocouples; and ultrasonic velocities were obtained to± 0.02 km/s from transit times of reflected 10-and 30-MHz chopped signals measured with an oscilloscope. Figure 2 shows in detail the fluid region covered by our measurements, which included: 22 isotherms consisting of 802 (P,V,ulT points; 11 isotherms with 204 (P,VlT points; and 14 isobars with 159 (V,T)p points. Our apparatus, however, could not be used below about 1 kbar because of residual frictional effects. To represent the low-pressure region, we combined (V,T)p 0 "core" data [2] with measured and extrapolated (T ,u)p 0 values [10] to give 63 (V ,T ,u)p 0 points from 196 to 320 Kat 2-K intervals along the vapor-pressure curve. This additional set of data, shown as the P 0 ~ 0 kbar line in Fig. 2 , was combined with the present measurements to give a complete data base of 1228 points.
RESULTS
We employed NBS [2] "core" data to evaluate the following expressions, needed in Eqs. (1) and (2) 
where Vc = 72.460 cm3/mol is the critical volume, Tc = 405.41 K is the critical temperature, and Tt = 195.48 K is the triple-point temperature. The average deviation in Eq. (3) is 0.2%, while that in Eqs. (4) and (5) is about 0.1%, over our temperature range. Although these errors are several times larger than the <0.03% thermodynamic inconsistency claimed for the NBS "core" data [2] , they are still smaller than the errors in the present measurements with which Eqs. (3) (4) (5) are to be used. We evaluated the c(T) and. B(T) parameters in the Tait EOS by fitting our (P,V,T ,u) data base simultaneously to Eqs. (1) and (2) with non-linear least-squares minimization using a conjugate gradient method. Various We also selected different groupings of experimental points in the fitting routine by editing the data base. The results are listed in Table I .
Fit 1 in Table I was made using only the N = 865 complete sets of (P,V,T ,u). Fit 2 used the additional N' = 363 sets of (P,V,T). In fit 3 no u values were used, and N + N' points of (P,V,T) were fitted to Eq. (2) only, excluding Eq. (1).
The error in V, listed in Table I , is defined as The parameters for fits 1 and 2 in Table I are almost identical.
However, since fit 2 includes 363 more (P,V,T) points, many of them in the otherwise sparsely populated low-temperature region (see Fig. 2 the total error in fit 2 is slightly smaller, we have chosen this fit as the best representation of our data. Note that in fit 3, where u values were not used, the error in V decreased by 1/4, while the error in u rose by a significant 2/3 to over 1.5%. The self consistency of the EOS is clearly improved by incorporating values of u with P-V-T data in achieving a fit.
DISCUSSION Molar Volume
We inserted the parameters from fit 2 into the Tait EOS, Eq. (2), and calculated V along various isobars, shown in Fig. 3 as the unbroken curves. The line labeled v.p. shows V along the vapor-pressure curve and is given by Eqs. (4) and (5). In Fig. 3 the circles show experimental values of V interpolated at even pressures from our (P,V,u)r isotherms. The scatter of the points from the solid lines is about 0.2%. Although we have not plotted the (P,V}r isotherms or (V,T)p isobars in Fig. 3 , the fit of these data is equally good.
Rather than compare our molar volumes separately with measurements of others, we show as dash lines in Fig. 3 the NBS [2] EOS, which incorporates all available experimental data. As expected, the agreement at temperatures above 280 K and pressures up to 2 kbar, as well as along the vapor-pressure curve, is excellent because of our normalization to the NBS EOS in these regions. However, at lower temperatures and higher pressures the disagreement rises to as much as 2%. The crosshatch section in Fig. 3 represents the range of previous experimental work (see Fig. 1 ) on which the NBS equation [2] was based, and it is outside this area where the major discrepancies occur. We conclude that extrapolation of the NBS [2] 44-parameter EOS beyond the experimental region is unwarranted.
The present Tait EOS, coupled with branch I and branch II of the melting line [4] gives the curves labeled m.p. in Fig. 3 . These curves disagree by only 0.2% with earlier expressions [4] reported for the molar volume of fluid NH3 at melting.
Ultrasonic Velocity
The ultrasonic velocity u of fluid NH3, computed from Eqs. (1-7) with fit 2 of Table I , is represented by the series of unbroken lines in Fig. 4 . We calculated the melting point (m.p.) envelopes from ear1ier work [4] . Our experimental data, interpolated as described for Fig. 3, are shown with open circles. The closed circles are measurements by Bowen and Thompson [10] along the vapor-pressure curve. As Table I shows, the scatter of all 865 experimental u points from those calculated using Eq. 1 is 0.9%.
Although Haar and Gallagher [2] did not treat the ultrasonic velocity, it is a simple matter to calculate u from quantities listed in their tables. We obtain the series of irregular dash curves shown in Fig. 4 . Again, the agreement with our equation is fair at high T and modest P. At the highest pressures, however, the error in u rises to 15%. Also along the vapor curve there are large discrepancies in u, which conflict with the Haar and Gallagher [2] statement that thermQdynamic inconsistency in the "core" data is less than 0.03%. 3), is a good representation of the NBS values to which it was fitted. Away from the vapor-pressure curve, however, and especially at lower temperatures where experimental data were lacking, the disagreement between our values and the NBS tabulation [2] is as large as 30%. ~gain there appear to be large regions in the liquid NH3 phase diagram where the NBS 44-parameter EOS gives questionable results.· The solid lines in Fig. 5 form a fairly regular array, except at the highest pressures and temperatures. A hint of irregularity is also apparent in the 8-and 10-kbar ultrasonic velocities of Fig. 4 . We believe that this behavior is not characteristic of liquid NH3, but may be an artifact of the Tait equation, caused by a lack of high-temperature data and an oversimplified form of parameters c(T) and B(T).
COIJCLUSI 011
Our Tait EOS, which uses only two temperature-dependent parameters in addition to data along the. vapor-pressure curve, reproduces the present 865 (P,V,T ,u) and 363 (P,V,T) measurements on fluid NH3 from 200 to 320 K and 1 to 12 kbar with errors of· only 0.2% in V and 0.9% in u. Furthermore, derived values of Cp form a regular and reasonable array of isobars. On the other hand, a 44-parameter empirical EOS, that had been fitted only to P-V-T data available in the literature, generates values of u and Cp with deviations of up to 15 and 30%, respectively.
We conclude that for NH3 the molar volume V = f(P,T) has not at present been measured in the fluid phase with sufficient accuracy to give an EOS capable of producing reliable thermodynamic properties. The inclusion, however, of an additional thermal property, for example the ultrasonic velocity u, in formulating the EOS can improve the overall self consistency of the equation by at least an order of magnitude.
